Background To compare spectral domain optical coherence tomography (SDOCT) cross-sectional images of human central retina obtained from donor eyes with and without age-related macular degeneration (AMD) to corresponding histopathology from light micrographs. To establish the utility of SDOCT for localizing pathology in the posterior eyecup, for identifying ocular disease in donor eyes, or for directing subsequent sectioning of retinal lesions for research. Methods Seven consecutive human donor eyes were selected based on age. The eyes, with the anterior segment removed, were imaged by SDOCT with a focusing aspheric lens. Four eyes were from donors with a clinical history of AMD, and three were from age-matched donors with no history of AMD. Histopathological correlation of morphological changes detected in three eyes by SDOCT was obtained for comparison to step serial-sectioned light microscopy images of the formalin-fixed, paraffinembedded retina. A simplified imaging setup was tested on an enucleated porcine eye for comparison. Results AMD pathology was detected and localized in four eyes by SDOCT. The SDOCT images correlated with the histopathology observed by light microscopy in each sectioned eye. Pathologies included a subfoveal neovascular lesion with subretinal fluid, peripapillary neovascularization, epiretinal membrane, foveal cyst, choroidal folds, and drusen. Similar imaging was possible with the simplified setup. Conclusions SDOCT imaging identified retinal disease of the posterior eyecup in human donor eyes. Pathology detected with SDOCT was verified by light microscopy in three eyes, supporting the utility of SDOCT as a screening tool for research.
Introduction
Optical coherence tomography (OCT) is an imaging modality that has been used for over a decade to image the retina [1, 2] . Time-domain OCT images have been correlated with histological analysis of the retina in animal [3] [4] [5] [6] [7] [8] [9] [10] [11] and human cadaver [7, [12] [13] [14] [15] eye studies. These studies have shown close correlation of tissue layers, for example at sites of laser lesions [16] . There have been a few small animalIn SDOCT, a spectrometer in the detection arm measures the interference light spectrum and converts this data to depth information by Fourier transformation [19] [20] [21] . SDOCT is a fast, high-resolution imaging modality previously used to image the human retina in vivo [21] [22] [23] , with clinical application in posterior eye diseases including glaucoma [24] and age-related macular degeneration (AMD) [25] . VA = visual acuity, Unk = unknown, E = eye exam, F = family report, M = medical record Fig. 1 The SDOCT system had a superluminescent diode light source, which was split using an 80/20 fiber coupler to the sample arm and the reference arm respectively. In the sample arm, the 52.6 diopter lens was used to focus light onto the eyecup. The reflected light from both arms was diffracted onto a camera and processed. In Setup 1, the eyecup is imaged hortzontally. In Setup 2 the eyecup is imaged from vertically above using the handheld probe AMD is the leading cause of irreversible vision loss in developed countries [26] [27] [28] [29] [30] [31] [32] . The clinical findings range from the early stage of AMD, distinguished by the presence of numerous or large (>125 µm) drusen [33] , to late-stage AMD, classified as either atrophic (dry) AMD with geographic atrophy or exudative (wet) AMD with choroidal neovascularization [29] . Despite the need for accurate classification, there is a paucity of screening for donor eyes beyond the patient history and gross examination with photography after dissection [34] [35] [36] . SDOCT is widely used clinically, and thus can potentially screen the retina of human donor eyes for research. AMD lesions found with SDOCT must first be correlated with histopathology in the human donor eye.
Materials and methods

Tissue preparation
Whole human donor eyes or posterior eyecups were obtained from the North Carolina Eye Bank (WinstonSalem, NC, USA). For each eye, the donor age, sex, death to procurement time, and ocular history (when available) are summarized in Table 1 . Eyes 1 and 2 were obtained from the same patient. Eyes 1-4 were obtained from patients with a history of AMD. Eyes 1-4 had the anterior segment (including the lens) removed by the Eye Bank prior to transfer of the tissue. The anterior segment for Eyes 3-7 was removed in our laboratory. In all eyecups, the vitreous was removed and replaced with fresh 1% paraformaldehyde prior to imaging the eyecups. All eyecups were stored in 1% paraformaldehyde at 4°C for at least 8 months prior to SDOCT imaging.
SDOCT imaging
Eyes were imaged using an experimental SDOCT system (developed in the Biomedical Engineering Department at Duke University) shown in Fig. 1 . The system was illuminated with a superluminescent diode (SLD, Superlum, Ltd.) source with a center wavelength of 840 nm and fullwidth at half maximum bandwidth of 49 nm. The system had axial and lateral resolutions of 4.5 μm and 20 μm respectively. The scan rate was 20,000 A scans/second using OCT 1.4 imaging software (Bioptigen, Inc., Durham, NC, Originally, the aspheric lens was mounted in a customized posterior eyecup chamber filled with~100 ml of 1% paraformaldehyde. A lens tube in the chamber wall held an aspheric lens horizontally in front of the eye cup (Setup 1 in Fig. 1) . A removable stage allowed for 3D adjustment of the posterior eyecup within the chamber for imaging. This setup proved to be time-consuming to mount and position the eye. Repeated placement upright in the chamber also resulted in vitreous traction to the retina. As a result, a hand-held SDOCT system (Bioptigen, Inc.) was used in which the eyecup was positioned with the posterior pole downward to avoid manipulation and secondary vitreous traction (Setup 2 in Fig. 1 ). With the hand-held probe, a pig eyecup was placed in a small beaker of 1% paraformaldehyde with the aspheric lens submerged into the fluid vertically above the eye cup. This SDOCT system is cartbased, with a hand-held scanning and optical head [37] . Although preliminary imaging was taken while manually holding the scanning head, in the final iteration of the experimental setup the hand-held probe and aspheric lens were mounted on a ring stand above the posterior eye cups, in order to image the retina without moving the tissue or introducing motion artifact from hand movement. The images were post-processed with the updated software InVivoVue 1.2 (Bioptigen, Inc.).
Three types of images were taken: summed 10 mm Bscans, 5×5 mm volumetric scans, and 10×10 mm volumetric scans. For the summed 10 mm B-scans, up to 800 repeated B-scans, each comprising 1000 A-scans, were obtained along a scan line across the optic nerve and macula to evaluate the benefit of summed image. The number of repeated B-scans was limited to 800 due to computer memory limitations. From 2 up to 800 of the B-scans were registered and summed using NIH ImageJ [38] (using the StackReg plugin, Biomedical Imaging Group, Swiss Federal Institute of Technology, Lausanne, Switzerland). The noise variance was also calculated from the standard deviation squared of the intensity 50×50 pixel in the background signal. [39] . The variance of different summed images was used to find the optimal number of images to sum. For comparison, an in vivo series of 10 mm B-scans was obtained of the macula in a normal control subject. This living subject was a control patient in an ongoing institutional review board approved clinical study with the SDOCT system. (Informed consent was obtained from the living patient after explanation of the nature and consequences of the study, following the Declaration of Helsinki.) Performing 800 repeated B scans in vivo would not be possible due to eye movement.
For the 5×5 mm volumetric scans, images were centered on either the macula or the optic nerve head with 500 Ascans per 5 mm B-scan and 500 B-scans per 5 mm. Lastly, the 10 mm×10 mm volumetric scans were either centered on the macula or included both the macula and the optic nerve with 1000 A-scans per 10 mm B-scan and 500 or 800 B-scans per 10 mm. The volumetric scans did not contain repeated B-scans due to computer memory limitations.
The SDOCT images were analyzed to identify pathology in each eye. Each B-scan stack was vertically registered using ImageJ [40] , then sites of pathology were marked within each B-scan using Amira (Visage Imaging, Inc. Carlsbad, CA, USA) [23] . The stacks were re-processed to create a summed-voxel projection (SVP). The SVP was produced from collapsing the stack of SDOCT B-scans along the depth axis [23] . Within the SVP, the shadow from the retinal vessels and different reflective properties of the ocular structures translated into a "funduscopic" view of the retina.
Histopathology
In three eyes, after the SDOCT imaging was completed, a square block of tissue including the macula and optic nerve was dissected from the eyecup, approximately matching the SDOCT scanning area. The tissue was processed "with the sclera intact using automated paraffin embedding (Tissue Tek VIP, Sakura Fineteck USA, Inc., Torrance, CA, USA) to decrease tissue shrinkage and retinal detachment during sectioning. In eyes 2 and 3, step serial-sections, 5 μm thick in 50 μm step intervals, were cut vertically from the optic disc to the macula. In eye 7, serial sections, 5 μm thick, were cut horizontally. Four to six sections were mounted on each slide. Every other slide was stained with either hematoxyloin and eosin or Masson's trichrome, and then examined with a Zeiss light microscope (Carl Zeiss, Inc., Thornwood, NY, USA). Images were captured digitally using an Axio Cam HRc camera (Carl Zeiss, Inc.) with Axiovision 4.6 software (Carl Zeiss, Inc.) and processed using ImageJ. All sections were stained except for the infrequent dropped sections. In eye 3, the sections were aligned using the retinal arcade arteries, marked using Amira, as landmarks to create a histological summed stack for better correlation to the SDOCT SVP image (Fig. 2) .
Results
The SDOCT imaging of donor eyes using the imaging chamber produced clear and useful SVP images when compared to corresponding postmortem fundus photographs taken with a dissecting microscope (Fig. 3) . Arrows in Fig. 3 point out the utility of the SVP image (not segmented or processed for contrast enhancement) for mapping anatomy such as the retinal vessels, macula, and optic disc.
In this study, SDOCT imaging of formalin-fixed retinal tissue differed from that of the living eye (Fig. 4) . Comparing Fig. 4a and 4c, the fixed tissue had less contrast between retinal layers and greater reflectivity from the inner retinal layers, which diminished some of the signal from deeper structures. The contours and retinal layer thickness was also different in the fixed tissue. The background variance in both the living eye and the fixed eyecups decreased as the number of summed images increased (Fig. 4 and 5) . There was little difference in the variance between 100 summed B-scans (Fig. 4e) and 800 summed B-scans (Fig. 4f) . As the number of summed images increased, the variance decreased.
Despite the differences in formalin-fixed tissue and the living eye, pathology was readily imaged using SDOCT of the formalin-fixed eyecups as shown in Table 2 , which lists SDOCT morphologic findings in the seven eyes with comparison to the histopathology in three eyes.
In eye 2, early AMD was diagnosed 3 years prior to death. The AMD appeared to have progressed to late exudative AMD, based on the postmortem SDOCT images. These images showed a subretinal hyporeflective area consistent with fluid along with a well-defined reflective subfoveal lesion corresponding to a CNV complex measuring a maximum height of 162 μm and base of 2.1 in the temporal to nasal direction ×1.1 mm in the inferior to superior direction (Fig. 6a) . Deep choroidal vasculature was also visible on the SDOCT images of this eye (Fig. 6a) . Analysis of macular histology revealed a CNV complex with the same contour detected on the SDOCT scans with a maximum height of 130 μm and width of 1.4 mm in the inferior to superior direction correlating with the SDOCT (Fig. 6b,c) . The length of 2.1 mm in the temporal to nasal direction measured with SDOCT could not be confirmed due to tissue loss during sectioning. Overlying the CNV complex were pigmented cells presumed to be from the retinal pigment epithelium (RPE) (Fig. 6c) . Although the retinal separation visible on SDOCT may have occurred postmortem, we believe it likely developed in vivo due to the subretinal debris (arrow in Fig. 6b ).
For eye 3, the family reported a history of "macular degeneration." SDOCT imaging revealed abnormal morphology in both the peripapillary region and macula (Figs. 7, 8) . SDOCT imaging detected both subretinal "fluid" with mixed hyper-and hyporeflective material above the RPE and an adjacent apparent RPE detachment, suggesting a CNV complex nasal to the nerve. The corresponding light micrographs confirmed the subretinal and sub-RPE serosanguinous fluid (Fig. 7) .
In addition to the peripapillary findings in eye 3, the SDOCT images of the macula showed an intraretinal cyst at the fovea and a prominent epiretinal membrane with inner retinal distortion consistent with a macular pucker, all of which were also identified on light micrographs (Fig. 8) . Note the retinal cyst was in the outer retinal layers on both the SDOCT images and light micrographs, with only photoreceptor outer segments between the cyst and the RPE (Fig. 8a,b) . Away from the fovea, SDOCT images showed a space between the epiretinal membrane and the retina more highly reflective than the vitreous cavity (double arrows, Fig. 8c ) that corresponded to a site of preretinal exudates with inflammatory cells visible on the corresponding light micrograph (double arrows, Fig. 8d ). Within the macula, a single druse was detected on SDOCT, but could not be found in the light micrographs of the step serial-sectioned tissue.
In eye 7, there was no documented history of AMD, but there was a history of retinal detachment repair with scleral buckle. On gross examination of the eyecup, the optic nerve and surrounding sclera were pressed into the globe, suggesting postmortem distortion. This distortion may have been caused by the encircling scleral buckle at the equator. The SDOCT images showed numerous irregular RPE elevations (Fig. 9a) , initially presumed to be drusen; however, when mapped and summed into an SVP, large arcs of choroidal folds could be distinguished from drusen (Fig. 9d) . Some drusen were found on SDOCT isolated from the folds (arrows in Fig. 9d ) in similar areas as the light micrographs (Fig. 9e) . However, tissue separation and distortion of the choroidal layers prevented truly correlating a specific druse on SDOCT with histopathology.
With the hand-held probe SDOCT system, images of a fixed pig eye were taken of a section of the posterior pole using Setup 2. Figure 10 shows an SVP of the retinal vessels. Figure 10b shows a B-scan of retinal detachment. Compared to previous B-scans, the unsummed B-scan image has better distinction in the retinal layers and less background variance due to improved post-imaging processing.
Discussion
High resolution SDOCT imaging of central retinal morphology can be obtained from formalin-fixed human donor posterior eyecups. Postmortem SDOCT imaging found abnormal preretinal, intraretinal and subretinal morphology in order to predict histopathology visible on light micrographs of the corresponding area. The cross-sectional morphology from SDOCT can be mapped to the SVP for two-dimensional localization of pathology. Unexpected pathology such as an epiretinal membrane, subfoveal or peripapillary CNV, identified on SDOCT screening provided useful direction to circumscribe the area for tissue sectioning. Although a custom-built chamber was originally used, we have demonstrated that in the future imaging can be performed while tissue remains in storage containers.
Postmortem cellular changes and tissue fixation affected SDOCT imaging of the retina. The most prominent change was the diffuse increase in reflectivity of inner retinal layers on OCT. This diffuse increase in reflectivity of inner retinal layers might be related to the prominent edema reported in the post-mortem inner retina [41] or to change in tissue reflectivity in response to fixation, first reported by McCall et al. [42] . Despite these changes and the postmortem separation of the retina in the fixed eye, SDOCT imaging was still capable of defining small peripapillary and macular lesions important for histopathologic studies. SDOCT imaging of posterior eyecups may be a valuable screening tool for staging retinal disease for postmortem research studies prior to gross dissection, processing and sectioning. In addition, there are significant post-mortem changes, such as retinal detachment, that will confound interpretation of even the best post-mortem images, thus limiting our perspective of the pre-mortem pathology [41] . Additional comparisons are needed from images of comparable conditions from donor eyes and living patients to settle the "fact versus artifact" question.
SDOCT was useful in identifying preretinal, intraretinal and subretinal pathology, as well as imaging individual druse. However, matching SDOCT B-scans to their corresponding histology images was sometimes difficult due to tissue misalignment during sectioning and tissue artifacts. These artifacts included tissue shrinkage and swelling and/or retinal detachment, which made it challenging to align the serial sections into a summed image for localizing very small subretinal pathology such as individual druse. Nevertheless, we found close correlation between SDOCT and histology images.
Summing multiple images decreases the background variance. Collecting multiple images is very timeconsuming and limited by the computer memory. For eye 2 and eye 5, the variance decreased as a function of the number of summed images. The relationship reached a plateau at approximately 100 images. With the processing advancement in the handheld commercial system, single images of fixed tissue showed improved definition of layers.
The SDOCT images were used to identify AMD pathology in three of the four AMD patients. The lack of detection in eye 4 may have resulted from inaccurate patient history from the donor family. The SDOCT images from eye 2 showed AMD pathology at the macula, which was validated with histology to be CNV. The SDOCT images from eye 3 showed peripapillary disease, vitreous separation, and a macular cyst, which were also validated with histology. The three "drusen" identified on SDOCT outside the macula, were not detected in the step serialsections. Thus, the SDOCT reader may have called drusen where none were present, or more likely the less than 200 µm lesion was missed with sectioning. The SDOCT images from eye 7 showed AMD pathology including numerous drusen, in a patient not previously diagnosed with AMD. Despite the confounding choroidal folds, focal domed RPE lesions in areas without choroidal folds appeared on SDOCT images in sites where drusen were detected by light microscopy. Multiple drusen were larger than 125 µm, which is consistent with a level 3 AMD based on AREDS classification [43] .
A larger study would be needed to validate using SDOCT imaging for clinical pathology, where accurate diagnosis is critical. Such a study would include histopathology of multiple diseased and control eyes. In this small study, the quality of the SDOCT images allowed for correlation with the histological sections, which is useful for future research. The quality of these images and imaging protocol is not yet optimized to be used in clinical pathology.
SDOCT imaging of postmortem eyecups is a useful, potentially high-throughput, noninvasive, screening method for human donor eyes. SDOCT allows for imaging and detecting pathology, which can help to confirm clinical diagnosis, to categorize donor eyes by phenotype, and to identify regions of interest for histological sectioning in research. As demonstrated in this small study, the clinical records may be missing or erroneous, which can be misleading for our future research. Thus, there is a critical need for SDOCT as a postmortem efficient and noninvasive screening tool for research in human donor eyes.
